Abstract Previous studies have revealed it is possible to separate a high-boiling mixture by gas chromatography in empty fused-silica capillary tubing rather than in columns coated with stationary phase. Chromatographic separation occurs solely on the basis of the different boiling points of the substances separated. The high similarity of such separations to those in classic distillation seems advantageous when gas chromatography is used for simulated distillation. This paper presents results from further research on the separation properties of empty fused silica tubing. The efficiency of this chromatographic system has been examined. The usefulness of such conditions has been studied for simulated distillation, i.e. to determine the boiling-point distribution of complex mixtures, mainly petroleum fractions and products, on the basis of their retention relative to reference substances. The results obtained by use of emptycolumn gas chromatography (EC-GC) and by use of classical simulated distillation columns have been compared for solutes of different polarity. Studies revealed boiling points determined by EC-GC were more accurate than those obtained by the standard method of simulated distillation.
Introduction
Progress in separation techniques, especially chromatography, has led to significant shortening of the time required to achieve satisfactory separation of the components of mixtures. In gas chromatography, separation is achieved by use of capillary columns the inner diameter and the film thickness of which have decreased with progress in column manufacture. For decades, the most widely used column internal diameters (ID) were 320 and 250 μm and the film thickness ranged from 0.1 to 1 μm. So-called fast GC with columns of ID 100 μm (and less) is becoming a promising approach. When hydrogen is used as carrier gas, separation efficiency decreases only slightly with large increases in carrier gas velocity. This results in ultra-high-performance chromatographic systems [1, 2] .
At the other extreme of users' expectations of chromatographic equipment are applications in which sample capacity and the temperature resistance of the stationary phase are much more important than expected resolution of the chromatographic system, which is reduced to an absolute minimum. One such application is simulated distillation [3, 4] , in which resolution must ensure separation of selected n-alkanes only (a few or several standards in a boiling point range covering the range of samples analyzed), which are used for calibration of the method [5, 6] . Achieving separation of a mixture of standards which differ in boiling point by tens of degrees Celsius by use of capillary gas chromatography does not cause any problems. Much more important is the linearity of retention time-boiling point dependence, relative to n-alkanes, for the other groups of chemical substances present in the sample.
The most important use of simulated distillation is determination of the distillation characteristics of petroleum fractions and products [7] [8] [9] [10] . The composition of samples of gasoline, diesel fuel, or vacuum distillates is very rich [11] . To properly determine the distillation curve by simulated distillation, the relationship between boiling point and retention time for substances other than the n-alkanes must be similar to, and preferably identical with, that for the n-alkanes under the separation conditions used. If retention of the sample components deviates substantially from that expected, errors will occur in the distillation curve [12, 13] . More detailed analysis of the problems which occur in simulated distillation is available elsewhere [14, 15] .
Research performed to optimize the conditions used for the analysis revealed it is possible to replace a capillary column containing a thick film of stationary phase with empty deactivated fused-silica capillary tubing. Such separation conditions were defined as empty-column gas chromatography (EC-GC) [15] . Because of elimination of the sorption interactions, EC-GC seems to "simulate" the distillation process much better, and thus provide more consistent results. However, the lack of the stationary phase in EC-GC results in significant reduction of the separation efficiency. As can be seen from the multiannual comparative studies of the ASTM, achievement of full compliance between results obtained by classical distillation and SIMDIS is not possible, because of the low efficiency of classical distillation [5] . Agreement of results with those obtained by use of classical distillation is achieved by use of a column with an efficiency of approximately 15 theoretical plates (ASTM 2892) [16] . From this perspective, use of EC-GC (loss of performance) should have a positive effect on better "simulation" of classical distillation according to ASTM D86. This paper presents the results of further research on EC-GC conditions. We constructed efficiency plots describing the relationship between efficiency and carrier gas velocity and compared the accuracy of true boiling points (TBP) determined for selected compounds by use of SIMDIS and EC-GC conditions. 
Material and methods

Materials
Methods
Preparation of solutions
A solution of n-alkane standards was prepared by dissolving a weighed sample in carbon disulfide at a weight ratio of 1:100. Squalane solution of concentration 100 ppm (m/m) was prepared in carbon disulfide. Standard solutions of other substances at concentrations of approximately 100 ppm were prepared, as far as possible, in carbon disulfide. Solutions of reference substances insoluble in CS 2 were prepared at a concentration of approximately 100 ppm in methanol.
Chromatographic conditions
Samples (1 μL) were injected manually in splitless mode by use of a microsyringe. Each sample was chromatographed three times. 
EC-GC
& Column: empty fused silica tubing with methyl-deactivated inner surface, 30 m×0.53 mm (BGB Analytic, Switzerland). Other conditions were as described for SIMDIS.
Determination of the Van Deemter plots for EC-GC conditions
Van Deemter plots were determined for squalane. Analysis was performed in constant-flow mode with three carrier gases-nitrogen, helium, and hydrogen. For each condition three separate runs were performed.
Studies on the accuracy of boiling point determination under SIMDIS and EC-GC conditions
Boiling points determined by use of SIMDIS and EC-GC conditions were calculated on the basis of the retention time of the solute, using n-alkanes for calibration. The boiling point was calculated on the basis of interpolation from two neighbouring n-alkanes. The TBP values used were obtained from the literature.
Results and discussion
Use of EC-GC conditions, i.e. the absence of the stationary phase in the column, enables maximum reduction of sorption effects during the separation. This results in greater similarity of the conditions used for separation by gas chromatography and for classic distillation. This effect was examined in this work by comparing boiling points determined for selected chemicals by SIMDIS and EC-GC with the true (actual) boiling point (TBP). In this study a "classic" 10-m column was used for SIMDIS and an empty column with a deactivated inner surface was used for EC-GC. Previous studies revealed that use of an empty 30-m column enables satisfactory separation of the n-alkane standards used for calibration of the method [15] . Comparison of the accuracy of boiling point determination for columns of the same length would not be practical or expedient, because the retention relative to that of n-alkanes (retention index) is not dependent on column length. Use of a 10-m column for EC-GC does not provide adequate resolution, whereas application of 30-m SIMDIS column unreasonably lengthens the time required for analysis of high-boiling fractions. The EC-GC conditions provide the same reproducibility of results compared with classic SIMDIS. The retention times obtained in this work differed by no less than 2 s for triplicate injection, which is typical of reproducibility for manual sample injection.
Efficiency of the chromatographic system under EC-GC conditions
The lack of the stationary phase in the column results in significant reduction of column resolution. This happens, in particular, because of the much lower efficiency of a column without stationary phase. Fig. 1 shows the Van Deemter plots obtained for the three typical carrier gases used in gas chromatography-helium, hydrogen, and nitrogen (for data points please refer to Electronic Supplementary Material - Table S1 ). Separation effect and usefulness of EC-GC conditions for the simulated distillation of high-boiling mixtures have been described elsewhere [15] . Van Deemter plots were determined for 2,6,10,15,19,23-hexamethyltetracosane (C 30 H 62 , boiling point 470°C, squalane). This compound is still used as a non-polar stationary phase for gas-liquid chromatography. Use of EC-GC enables its complete elution from the chromatographic column at a temperature not exceeding 145°C. The physicochemical properties of this compound are similar to those of the petroleum factions and products analyzed by SIMDIS; it is, therefore, suitable for determination of column efficiency in EC-GC. The results showed that the characteristics of changes in efficiency, expressed as the dependence of the height equivalent to a theoretical plate (HETP) on average flow velocity of the mobile phase (u), are similar to those reported for classical columns containing stationary phase. The flow velocities resulting in the highest efficiency were 12. there was no significant decrease in efficiency for any of the three carrier gases tested. Comparison of the different mobile phases showed that the largest effect of flow velocity on the efficiency is observed for nitrogen, and the lowest was observed for hydrogen, which is a well known phenomenon in GC. Much lower efficiency of EC-GC results from the extremely low "capacity" of the column-sorption occurs on the surface of the deactivated column only and results from distribution of the analyte between the gas and condensed phases. The partition coefficient in this case is dependent solely on the vapour pressure of a substance at a given temperature. The disadvantage of such low capacity is, however, a severe tailing of the chromatographic peaks-examples of the peak shapes are presented in Electronic Supplementary Material Fig. S1 .
Comparison of the accuracy of boiling points determined under EC-GC and SIMDIS conditions
The largest advantage of EC-GC seems to be the greater similarity compared with classical SIMDIS of the phenomena occurring during chromatographic separation to those occurring during classical distillation. Research on compounds of different polarity which may be present in the analyzed mixtures revealed significant differences between boiling points determined by SIMDIS and the true values [5, 13] .
The results obtained revealed that for every compound tested the boiling point determined under EC-GC conditions is closer to the real value than that determined by use of conventional simulated distillation. The greatest accuracy in EC-GC was obtained for dinonyl phthalate, menthol, and 1-naphthol (Table 1) . Deviations from the real values were zero or one degree Celsius. Under SIMDIS conditions the best agreement was obtained for squalane (5 Celsius degrees). Especially important is the improvement of distillation temperature determination for aromatic compounds, including substances containing sulfur and nitrogen heteroatoms. Because of their occurrence in fractions and petroleum products, correct "simulation" of the distillation characteristics of these groups of substances significantly increases the accuracy of the boiling point distribution determined by simulated distillation. Calibration data for EC-GC and SIMDIS are listed in Electronic Supplementary Material Table S2 .
The method involving use of an empty fused-silica capillary with a deactivated inner surface should be used mainly for determination of the boiling point distribution of medium and low-volatility mixtures, which can contain significant amounts of polar chemicals and the products obtained from treatment processes. Because of the better simulation of the distillation characteristics of each of the group of compounds tested, including aromatic hydrocarbons and polar chemicals, it seems to be a good method for study of the boiling point distribution of the products from processes such as pyrolysis and catalytic pyrolysis. Current research trends and perspectives in the recovery of thermal energy and fuel liquid fractions from solid waste increases the significance of methods which enable accurate determination of the distillation characteristics of mixtures containing significant concentrations of polar components.
Conclusions
The efficiency of separation under EC-GC conditions has been studied in the work discussed in this paper. For a 30-meter column of diameter 0.53 mm, efficiency of 130-140 theoretical plates per meter was obtained. Previous studies have shown that the separation efficiency obtained under EC-GC conditions meets the requirements for the simulated Fig. 1 Comparison of the Van Deemter plots for three carrier gases for a 0.53 mm ID capillary column distillation (SIMDIS) and enables complete separation of a standard mixture of n-alkanes [15] .
EC columns similar to those described in this paper are used in our laboratory for routine analysis of boiling point distribution-mainly for distillates from vacuum distillation. During more than two years of using such columns (several times a week) we have not encountered any symptoms of degradation, for example lower resolution or retention time shifts of the n-alkane standards. We replace only the silanized wool in the liner. This is done routinely when a septum in the injector needs to be replaced (approximately every 100 runs).
The studies also revealed that EC-GC conditions enable better simulation of distillation which results in greater similarity of the distillation characteristics determined for each of the groups of compounds studied. The biggest advantage of EC-GC conditions is much better determination of distillation characteristics for polar substances. This is especially important for complex mixtures for which the boiling point distribution is determined by SIMDIS. Simulated distillation is now increasingly used in research on the pyrolysis and liquefaction of solid and semi-solid wastes. Because the products of these processes contain large amounts of aromatic hydrocarbons, correct determination of the boiling point range of this group of substances is crucial to obtaining the correct results by simulated distillation. Application of EC-GC conditions to such materials seems to be the optimum solution.
